We report a novel three-dimensional (3D) ultrashort echo time (UTE) sequence employing Cones trajectory and T 1ρ preparation (UTE-Cones-T 1ρ ) for quantitative T 1ρ assessment of short T 2 tissues in the musculoskeletal system. A basic 3D UTE-Cones sequence was combined with a spin-locking preparation pulse for T 1ρ contrast. A relatively short TR was used to decrease the scan time, which required T 1 measurement and compensation using 3D UTE-Cones data acquisitions with variable TRs. Another strategy to reduce the total scan time was to acquire multiple Cones spokes (N sp ) after each T 1ρ preparation and fat saturation. Four spin-locking times (TSL = 0-20 ms) were acquired over 12 min, plus another 7 min for T 1 measurement. The 3D UTE-Cones-T 1ρ sequence was compared with a two-dimensional (2D) spiral-T 1ρ sequence for the imaging of a spherical CuSO 4 phantom and ex vivo meniscus and tendon specimens, as well as the knee and ankle joints of healthy volunteers, using a clinical 3-T scanner. The CuSO 4 phantom showed a T 1ρ value of 76.5 ± 1.6 ms with the 2D spiral-T 1ρ sequence, as well as 85.7 ± 3.6 and 89.2 ± 1.4 ms for the 3D UTE-Cones-T 1ρ sequences with N sp of 1 and 5, respectively. The 3D UTE-Cones-T 1ρ sequence provided shorter T 1ρ values for the bovine meniscus sample relative to the 2D spiral-T 1ρ sequence (10-12 ms versus 16 ms, respectively). The cadaveric human Achilles tendon sample could only be imaged with the 3D UTE-Cones-T 1ρ sequence (T 1ρ = 4.0 ± 0.9 ms), with the 2D spiral-T 1ρ sequence demonstrating near-zero signal intensity. Human studies yielded T 1ρ values of 36.1 ± 2.9, 18.3 ± 3.9 and 3.1 ± 0.4 ms for articular cartilage, meniscus and the Achilles tendon, respectively. The 3D UTE-Cones-T 1ρ sequence allows volumetric T 1ρ measurement of short T 2 tissues in vivo.
| INTRODUCTION
Osteoarthritis (OA) affects millions of people and has a substantial impact on the economy and the healthcare system worldwide.
Amongst the most significant early changes in OA is the loss of proteoglycans (PGs) in articular cartilage. 1 Although delayed gadolinium-enhanced magnetic resonance imaging (MRI) of cartilage (dGEMRIC) and sodium imaging have been used previously to measure PG distribution, 2,3 spin-lattice relaxation in the rotating frame (T 1ρ ) has been proposed as an attractive alternative to probe biochemical changes in cartilage. [4] [5] [6] T 1ρ reflects the slow interactions between motion-restricted water molecules and their local macromolecular environment, and provides unique biochemical information in the low-frequency region, ranging from a few hundred hertz to a few kilohertz. 7 Changes to the extracellular matrix (ECM), such as PG loss, may be reflected in measurements of T 1ρ and T 1ρ dispersion (T 1ρ values as a function of the spin-locking field). Recent studies have demonstrated that T 1ρ shows high sensitivity to PG loss in suspensions and bovine cartilage samples, as well as in patients with OA. [4] [5] [6] 8, 9 Abbreviations used: 2D, two-dimensional; 3D, three-dimensional; dGEMRIC, delayed gadolinium-enhanced MRI of cartilage; ECM, extracellular matrix; FOV, field of view; MAPSS, magnetization-prepared angle-modulated partitioned-kspace spoiled gradient echo snapshots; MRI, magnetic resonance imaging; OA, osteoarthritis; PBS, phosphate-buffered saline; PGs, proteoglycans; RF, radiofrequency; ROI, region of interest; SNR, signal-to-noise ratio; T 1ρ , spin-lattice relaxation in the rotating frame; TE, echo time; TSL, spin-locking time; UTE, ultrashort echo time Human joints are composed of many different tissues, including articular cartilage, calcified cartilage, menisci, ligaments, tendons and bone, all of which are important to the health of the joint. [10] [11] [12] However, conventional spin-locking-prepared MRI pulse sequences are of limited value for the detection of evidence of early PG depletion in deep radial and calcified cartilage, menisci, ligaments and tendons because these tissues typically have T 2 values ranging from submilliseconds to several milliseconds, and thus provide little detectable signal using conventional sequences. [13] [14] [15] The lack of signal means that conventional T 1ρ sequences are of limited value for the detection of evidence of early biochemical changes, such as PG depletion, in short T 2 tissues. An effective non-invasive assessment of PG depletion could have a major impact in, not only, long T 2 tissues, such as the superficial layer of articular cartilage, but in MR-'invisible' short T 2 tissues, such as deep radial and calcified cartilage, menisci, ligaments and tendons. This, in turn, may improve our ability to make early diagnoses, monitor clinical progress and evaluate new treatments.
In this study, we report the combination of a three-dimensional ultrashort echo time sequence employing Cones trajectories with a self-compensated spin-locking T 1ρ preparation (3D UTE-Cones-T 1ρ ) for volumetric T 1ρ assessment of short T 2 tissues in vitro and in vivo.
The 3D UTE-Cones sequence has increased signal-to-noise ratio (SNR) efficiency and less sensitivity to eddy currents than the conventional 2D UTE sequence, [16] [17] [18] and can potentially provide volumetric assessment of T 1ρ values for both short and long T 2 tissues using a clinical 3-T scanner. In this feasibility study, the new sequence was applied to a spherical CuSO 4 phantom, ex vivo meniscus and tendon samples, as well as knee and ankle joints of healthy volunteers.
| METHODS

| Pulse sequence
All scans were performed on a 3-T Signa Twin Speed scanner (GE Healthcare Technologies, Milwaukee, WI, USA). The sequence consisted of a 3D UTE-Cones sequence preceded by a self-compensated, spin-locking preparation pulse cluster, as shown in Figure 1 .
The 3D UTE-Cones sequence employed a short radiofrequency (RF) rectangular pulse (duration, 26-52 μs) for signal excitation, followed by 3D spiral trajectories sampled on the Cones with a minimal nominal TE of 32 μs. 17 The 3D Cones sequence provides volumetric UTE imaging in a time-efficient manner with markedly reduced eddy current artifacts compared with the regular 2D UTE sequence. 19 Furthermore, the 3D Cones sequence has improved SNR efficiency compared with 2D or 3D radial UTE sequences, as 3D spiral trajectories have an improved duty cycle compared with the regular radial trajectories. 20 Moreover, the 3D UTE-Cones sequence allows anisotropic field of view (FOV) and spatial resolution (e.g. higher in-plane resolution and thicker slice), resulting in vastly reduced scan times. This time efficiency greatly benefits clinical applications.
In the 3D UTE-Cones-T 1ρ sequence, T 1ρ contrast is developed during the spin-locking time (TSL). Quantitative measurement of T 1ρ can be achieved by acquiring 3D UTE-Cones-T 1ρ images at a series of TSLs. However, this process is time consuming because of the repeated 3D UTE-Cones-T 1ρ acquisitions. One approach to reduce the total scan time is to use a relatively short TR (e.g. less than 200 ms). However, this approach may result in significant T 1 contamination because of incomplete recovery of the longitudinal magnetization. 21 T 1 compensation is necessary for accurate measurement of T 1ρ based on the following equation 21 :
where TR is the time between RF excitation pulses with a flip angle α, data acquisitions with variable TRs. 22 The following equation can be used to fit T 1 :
where the loss of transverse magnetization during the application of the RF pulse is neglected because of the use of a short rectangular Another approach to reduce the total scan time is to acquire multiple spiral spokes (N sp ) after each T 1ρ preparation. As fat saturation is typically required in T 1ρ imaging, N sp Cones trajectory data can be acquired after each fat saturation followed by T 1ρ preparation. Up to five spiral spokes were tested in this study. Accuracy was evaluated by comparing the T 1ρ values acquired with multiple spiral spokes and the T 1ρ values acquired with a single spiral spoke per T 1ρ preparation, without and with fat saturation.
| Simulation
Numerical simulation was performed on a single-component model to 
| Phantom, ex vivo and in vivo studies
We first evaluated the 3D UTE-Cones-T 1ρ sequence on a CuSO 4 spherical ball phantom using a conventional 2D spiral-T 1ρ sequence as reference standard. 6 high-quality images with SNRs of~45 for menisci in the knee joint and~20 for the Achilles tendon, the T 1ρ fitting error is expected to be in the range 3-6% for in vivo studies. A reduced fitting error is expected for ex vivo studies, where the SNR is typically more than 100.
With a T 1 of 700 ms, flip angle of 20°and five TRs ranging from 6.5 to was measured for the tibial plateau articular cartilage (36.1 ± 2.9 ms) and the meniscus (18.3 ± 3.9 ms), as shown in Figure 5B . The T 1ρ value derived from the tibial plateau cartilage was about 19% higher (42.8 ± 4.5 ms) with the 2D spiral-T 1ρ sequence, consistent with longer T 2 components contributing to spiral-T 1ρ imaging. 11 In general, the deterioration or misalignment of any of the tissues comprising the knee joint can increase the progression of OA. [10] [11] [12] 23 As such, it is essential to be able to image as many components as possible to allow for the comprehensive assessment of longitudinal OA patient groups. UTE provides the ability to image all of the major components in the knee joint, 13, 24 and the high signal and coverage afforded by the 3D UTE-Cones sequence indicate that it promises to be a robust solution for this clinical research problem.
In recent years, there has been increased interest in the quantitative imaging of short T 2 tissues, such as tissue components of the knee joint, especially the meniscus. [25] [26] [27] [28] For example, Krishnan et al. 25 investigated dGEMRIC imaging of both meniscus and cartilage, and found a significant correlation between T 1 (Gd) of the meniscus and FIGURE 2 T 1ρ quantification of a spherical ball phantom filled with copper sulfate using a two-dimensional (2D) spiral-T 1ρ sequence, which showed a T 1ρ value of 76.5 ± 1.6 ms (a), a three-dimensional ultrashort echo time cones T 1ρ (3D UTE-cones-T 1ρ ) sequence, which showed a T 1ρ value of 85.7 ± 3.6 ms (B), and a 3D UTE-cones-T 1ρ sequence with one spin-locking preparation and one fat saturation pulse followed by five spokes (N sp = 5), which showed a T 1ρ value of 89.2 ± 1.4 ms (C). FS, fat saturation; NFS, no fat saturation; TSL, spin-locking time T 1 (Gd) of the articular cartilage of the knee in OA. These interesting results suggest that knee joint degeneration occurs in both tissues. 25 Rauscher et al. 26 showed significantly lower T 1ρ values than the corresponding meniscus subregions in patients with OA. These results suggest that damage in the medial posterior subregion and medial compartment of menisci might be associated with OA. 28 A drawback of the above techniques is that they all utilized clinical gradient echo sequences with a TE of around 4 ms, which is comparable to the T 2 * value of the meniscus and is therefore too long to detect the short T 2 components that comprise a significant proportion of the entire tissue. The long T 2 components in the meniscus were probably the only contribution to the detected signal. UTE-type sequences, with much shorter TEs, are expected to provide better depiction and characterization of the meniscus. Therefore, the 3D UTE-Cones-T 1ρ sequence is likely to provide more accurate assessment of PGs in the meniscus relative to the T 1ρ sequence based on conventional gradient echo sequences. [26] [27] [28] By definition, the TEs of UTE sequences are very short and the ability to reduce TR to decrease the imaging time is promising. The complication of reducing TR is the reduced recovery of the longitudinal magnetization. At steady state, this introduces T 1 contamination, as , as well as T 1ρ quantification with a two-dimensional (2D) spiral-T 1ρ sequence, which showed a T 1ρ value of 16.2 ± 0.9 ms (E), 3D cones-T 1ρ sequence, which showed a T 1ρ value of 10.5 ± 0.8 ms (F), and 3D UTE-cones-T 1ρ sequence with one spin-locking preparation and one fat saturation pulse followed by five spokes (N sp = 5), which showed a T 1ρ value of 12.1 ± 0.6 ms (G). FS, fat saturation FIGURE 4 Selected three-dimensional ultrashort echo time cones T 1ρ (3D UTE-cones-T 1ρ ) images of a cadaveric human Achilles tendon sample with a TE of 32 μs and different spin-locking times (TSLs) of 0.02 ms (a), 1 ms (B), 5 ms (C) and 10 ms (D), as well as spiral-T 1ρ imaging of the same sample with a TE of 5.6 ms and different TSLs of 0.02 ms (E), 1 ms (F), 5 ms (G) and 10 ms (H). T 1ρ of the Achilles tendon sample can only be quantified with the 3D UTE-cones-T 1ρ sequence, which showed a T 1ρ value of 4.0 ± 0.9 ms (I) described by Aronen et al. 21 The ability to accurately report and compare T 1ρ values across different pulse sequences and field strengths is important. To accurately account for T 1 contamination, T 2 * and T 1 values of the tissue are required, 29 resulting in increased scan time.
This compensation is further confounded by multiple components of T 2 * relaxation commonly encountered in UTE musculoskeletal applications, [30] [31] [32] which limits comparisons with T 1ρ sequences based on conventional clinical sequences with much longer TEs. [4] [5] [6] We employed Cones acquisitions with variable TRs for efficient volumetric T 1 mapping. The Cones acquisition is important, especially for short T 2 tissues whose T 1 values cannot be readily measured with conventional clinical techniques. 22 However, this technique is sensitive to flip angle errors. Cones imaging with actual flip angle imaging is one method for accurate T 1 mapping of short T 2 tissues, 33, 34 and will be investigated in future studies. Another approach used to reduce the total scan time is to acquire multiple spokes per spin-locking preparation and fat saturation. This approach markedly reduced the total scan time by N sp , but affected only moderately the T 1ρ values, as demonstrated in the phantom and bovine meniscus sample studies shown in culation, leading to errors in T 1ρ fitting. However, this error is likely to be small considering the high SNR of 3D UTE-Cones-T 1ρ images. Third, T 1 errors as a result of B 1 inhomogeneity are not considered in this study and will be investigated in the future. 33, 34 Fourth, fat saturation is less effective when multiple spiral spokes are acquired following each fat saturation and spin-lock preparation. Residual signal from bone marrow fat may infiltrate into the adjacent deep layer of articular cartilage or other soft tissues as a result of an off-resonance effect, resulting in quantification error. Fifth, a long T 2 phantom was used in this study without further validation on short T 2 phantoms. This is because the reference 2D spiral T 1ρ sequence has a minimal TE of >3 ms and cannot reliably evaluate short T 2 phantoms. Sixth, multiple spiral spokes are sampled after each spin-locking preparation.
Although this approach greatly reduces the total scan time, it also leads to an overestimation of T 1ρ by about 4%. This error is likely to be a result of different T 1ρ contrast for each spiral interleave as each spiral trajectory goes through the k-space center, and each of the five spiral trajectories has different T 1 relaxation. The 3D magnetization-prepared angle-modulated partitioned-k-space spoiled gradient echo snapshots (3D MAPSS) sequence employs a similar approach by acquiring multiple Cartesian k-space lines of data per spin-locking preparation. 35 However, in 3D MAPSS, most of the Cartesian lines do not pass through the k-space center, and thus the difference in T 1 relaxation for these data does not affect T 1ρ calculation.
Our study demonstrates the feasibility of T 1ρ imaging of short T 2 tissues, such as meniscus and Achilles tendon, with the 3D UTE-Cones-T 1ρ sequence. The self-compensated, spin-locking preparation pulse preceding the 3D Cones sequence provides a novel SNR-efficient method to obtain volumetric T 1ρ contrast in a clinically accessible scan time. In addition to increased volumetric coverage (relative to 2D radial UTE imaging), the reduced artifacts and increased signal should provide improved reliability for longitudinal studies validating UTE T 1ρ for the assessment of OA progression.
